Protein purification
The rat CDO coding sequence was kindly provided by Dr. Martha H. Stipanuk (Cornell University) 1 . CDO was expressed and purified using Strep-tag affinity technology (IBA) 2 as previously reported by our group 3 . The purified protein preparations were dialyzed extensively (>10 9 dilution factor) against buffer containing 100 mM Tris-HCl (pH 8.0) and 50 mM NaCl. Protein was concentrated on Vivaspin centrifugation concentrators (GE Healthscience) to the appropriate concentrations for the subsequent experiments. Protein concentrations were determined spectrophotometrically at 280 nm using an experimentally derived extinction coefficient of 38,100 M -1 cm -1 .
3 Consistent with previous observations 4 , CDO preparations resolved into two bands when subjected to SDS-PAGE revealing the fraction of the protein with C93-Y157 crosslink as a result of a posttranslational modification ( Figure S1 ).
Protein preparations, corresponding buffers and solvents were made anaerobic by alternating cycles of vacuum and purging with argon on a Schlenk line with the Schlenk tube kept on an ice slurry. All anaerobic manipulations were performed in a nitrogen atmosphere in a glovebox (Belle Technology). 
Mössbauer spectroscopy
Ferrous iron stock solutions for Mössbauer spectroscopy experiments were prepared as previously described.
5
Anaerobic preparations of protein (1-1.4 mM) in 100 mM Tris-HCl (pH 8.0) and 50 mM NaCl were ironsaturated anaerobically by exogenously adding ferrous iron in the presence of 1 equiv of dithionite followed by treatment with Analytical Grade Chelex 100 sodium form, 200-400 mesh (Bio-Rad). Protein samples were frozen in liquid nitrogen in a glovebox (Belle Technology).
57 Fe Mössbauer spectra of frozen liquid samples in a custom teflon sample holder (approximately 400 μL volume) were recorded on a Mössbauer spectrometer from
Freeze-quench
SFM-300 (BioLogic, Science Instruments) was used to asymmetrically mix CDO:cysteine complex with oxygen saturated buffer (2:1) at 4°C or 25°C. Temperature was controlled by a refrigerated, closed-circuit water bath (RW-0525G, Jeio Tech). Reported incubation times were generated using SFM-300 (BioLogic, Science Instruments) settings and the accompanying Bio-kine 4.45 software (BioLogic, Science Instruments). The samples were frozen in 2-methylbutane (Sigma-Aldrich) kept at -120°C using a liquid nitrogen bath. The reported reaction time was calibrated by following complex formation of ferrous iron (1 mM) with ferrozine (6 mM) at λ = 562 nm and by freeze quench Mössbauer under the same conditions. At 4°C complex formation has a rate of 19.2 ± 0.2 s -1 using a 0.08 cm path-length cell to allow observation of the highly colored complex (ε = 27,900 M -1 cm -1 ). In the freeze-quenched samples, the low spin complex is easily identified and the proportion determined from the Mössbauer spectrum measured at 4.5 K. Comparison of the data from the two methods shows that all freeze-quench samples under these conditions are in fact 10 ms older than their mixing time, indicating the time of freezing (see below). To ensure correct mixing with the 2:1 mixing ratio, the fastest mixing time possible is 10 ms and thus our fastest quench time is 20 ms. -1 observed by following λ=562 nm. The red circles are obtained from freeze-quench Mössbauer samples using the mixing time to determine the age of the sample. Addition of 10 ms to each time point leads to the blue points that overlay the absorption data. Thus the freezing time is determined to be 10 ms.
For the 10-ms freeze-quench, an anaerobic solution containing CDO:cysteine complex (800 uM 57 Fe and 1.0 eq. of cysteine) was mixed with an oxygen-saturated buffer (~ 1.8 mM O2) in a 2:1 (v:v) ratio for 10 ms before frozen in cold 2-methylbutane bath (-160 °C). The general procedure and the particular freeze-quench apparatus have been published previously. 
Chemical-quench
SFM-300 (BioLogic, Science Instruments) was used to mix anaerobic CDO:cysteine complex (~1.0 eq of cysteine) with degassed and oxygenated buffer (1:1) at 4°C for 20 and 40 ms followed by mixing with extensively degassed HCl (1:1). The apparatus was made anaerobic the same way as described for freeze-quench above. Reported incubation times were generated using SFM-300 (BioLogic, Science Instruments) settings and the accompanying Bio-kine 4.45 software (BioLogic, Science Instruments). Samples were subjected to HPLC-ELSD analysis in order to determine cysteine and CSA concentrations. CDO:cysteine complex was prepared in 100 mM phosphate buffer (pH 7.5) to avoid HILIC column (Phenomenex) poisoning. Concentration of cysteine and CSA in end point reaction (>5 minutes) samples was used to determine percent recovery of cysteine substrate in samples mixed with degassed buffer and percent turnover of CSA product in samples mixed with oxygenated buffer. Protein was precipitated with a 9-fold excess of acetone or acetonitrile to the sample solution. Samples were then spun and the supernatant collected and analyzed by either HPLC or LCMS for quantification of cysteine sulfinic acid (see below). CSA concentrations were found to be slightly lower than under normal assay conditions even when dioxygen was unlimited and we believe this is due to some precipitation during quenching by HCl. Table S1 . Chemical-quench data.
CSA determination
CSA was determined either by HPLC 7 as described previously or LCMS. LC-ESI-MS/MS analyses were performed in the negative ion mode with an Applied Biosystems API 4000 QTRAP mass spectrometer. A Luna HILIC column (150 mm × 2.0 mm, 3 µm) was used. 20 µl of sample was injected. Solvent A was acetonitrile and Solvent B was ammonium acetate 20 mM, pH=7.0. Starting conditions were 10% B for 3 minutes then a gradient to 50% B over 5 minutes returning to starting conditions and re-equilibration. The electrospray needle was held at -5000 V at 400°C. Dinitrogen was used as a sheath gas and set at 10 units. The collision gas was dinitrogen with a collisional energy of 53 arbitrary units. Multiple reaction monitoring was performed and two product ions with m/z of 64 and 88 from the precursor ion 151.9 were measured. The m/z 64 ion was used for quantification and the m/z 88 ion was used for confirmation. A standard curve was prepared from 0.1 to 500 μM of cysteine sulfinic acid. −S7−
Formation of an active CDO:cysteine substrate complex
Anaerobic CDO (~1 mM active site ferrous iron in 100 mM Tris-HCl (pH 8.0) and 50 mM NaCl) was mixed with cysteine substrate either manually in the glovebox (Belle Technology) at 20 °C or mechanically in a SFM-300 (BioLogic, Science Instruments) at 4 °C. The range of cysteine concentrations extended below and above CDO active site ferrous iron concentration. Samples prepared in the glovebox were frozen anaerobically in liquid nitrogen within 90 seconds of cysteine addition. Samples prepared using SFM-300 (BioLogic, Science Instruments) were frozen in 2-methylbutane (as described further in the Rapid Freeze Quench Methods (RFQ) section). All RFQ samples (including the resting state) used to monitor the formation of CDO:cysteine substrate complex were generated within the same sequence of shots.
Determination of CDO:cysteine Complex Dissociation Constant (Kd)
. 8 Formation of the ES complex as a function of substrate concentration was followed using Mössbauer spectroscopy and substrate bound fraction was determined assuming that the Lamb-Mössbauer factors of bound and non-bound protein were the same. The fraction bound was plotted against cysteine concentration normalized to active site ferrous iron concentration present in the sample. Consequently, a modified version of the equation describing ES complex formation under conditions of substrate depletion (tight binding) was derived: Cysteine binds stoichiometrically to form a catalytically competent ES complex. To investigate the binding properties of cysteine, CDO was titrated with cysteine at 20°C and 4°C and Mössbauer spectra measured ( Figure S3 ). Addition of cysteine led to the gradual conversion of the symmetrical quadrupole doublet indicative of resting state high spin Fe II into a more complicated, broader signal, similar to that observed previously 3 . Spectral changes ceased to occur at greater than stoichiometric concentrations of substrate and we concluded that at suprastoichiometric cysteine concentrations the CDO active site is saturated with substrate, indicating that cysteine binding is stoichiometric. Careful comparison of the CDO ES spectra showed that the signal corresponding to resting state CDO disappeared (solid red line) with the concomitant formation of two new species (solid and dashed blue lines) characterized by similar isomer shifts but differing quadrupole splittings. However, all species have parameters indicative of high spin iron(II) and therefore do not reflect a change in oxidation state. To confirm the presence of two cysteine-bound species, a large number of spectra (n = 17) were fitted independently and average parameters consistent with all spectra determined. It can be seen that one of the species has parameters very similar to resting state CDO ( Table S2) .
Deconvolution of the Mössbauer spectra of CDO titrated with cysteine substrate was achieved by fitting all available data to a single parameter file where isomer shift, quadrupole splitting and line width were constrained to the aforementioned average values (Table S2) , while only relative areas were allowed to vary. Since the two forms were both present in similar proportions (60:40) under all cysteine concentrations they were treated as a single species for the purposes of calculating Kd. The proportion of cysteine-bound species was determined directly from the spectra and plotted versus the concentration of cysteine added, normalized to active site iron present. Under substoichiometric cysteine concentrations, the ES complex formation was stoichiometric to total cysteine added. This suggested that under these conditions cysteine binding is strongly in favor of ES complex formation at either 20°C or 4°C ( Figure S4 ). Fitting these data to standard equations yielded a CDO-cysteine complex dissociation constant, Kd, of 65 ± 20 µM. As this is well below the concentration of CDO and cysteine used in data collection, it represents an upper limit. The presence of two sub-spectra in the Mössbauer spectra is not a result of the presence or absence of the crosslink. Differences in the EPR of inactive oxidized CN bound CDO with and without the crosslink have been previously described. 9 It was therefore initially thought that the presence of two sub-spectra could be caused by the presence of the crosslink. Unfortunately, although we have been able to increase the amount of the crosslink through catalytic turnover, 10 as have others, 9, 11 we have been unable to produce 100 % crosslinked protein, especially at the high concentrations (~1 mM) required for Mössbauer spectroscopy. Furthermore, the mechanism of crosslink formation is undefined. 9,11b Therefore, in order to avoid the unknown artifacts of extensive enzymatic cycling we approached the problem by engineering a C93G substitution within CDO that is unable to form the crosslink. 12 In this recent publication from our laboratory we reported a crystal structure of the C93G CDO variant and provided an extensive and detailed analysis of its enzymatic activity to argue that the absence of crosslink had no structural consequences and that the C93G variant CDO was at least as active as wild type CDO at neutral pH. In this work, we therefore looked at cysteine binding to the active ferrous form of the C93G variant by means of Mössbauer spectroscopy. A cysteine titration of C93G variant CDO clearly shows similar Mössbauer spectra to wild type given above suggesting that the presence of the crosslink is not the cause of this phenomenon ( Fig S5) . All spectra of anaerobic C93G variant resting state and in complex with cysteine substrate could be reasonably well fitted with the average Mössbauer parameters as determined for wild type CDO thus further illustrating the notion that the two Mössbauer sub-species observed here for cysteine substrate complexes is not a function of presence or absence of crosslink. This is further supported by our structural analysis of C93G. 12 Computational chemistry was therefore used to help and explain the spectra (see below). (Table S2) . Color scheme as in Fig. S4 .
Activity of the cysteine bound complex. To test whether the cysteine bound complex was catalytically active, the samples were exposed to air and the appearance of CSA product monitored by HPLC and MS analysis ( Figure  S6 ). The amount of CSA produced was seen to be stoichiometric with respect to the concentration of CDO:Fe II :cysteine complex. −S11−
Kinetic investigation of the short-lived intermediate
The amount of the intermediate observed through stopped-flow was found to depend upon the concentration of the CDO:Fe:Cysteine complex as well as the final concentration of dioxygen added (see Fig S7) . Since the intermediate was formed within the dead time of the instrument (1 ms) the rate of formation must be ≥1 × 10
Even at the lowest concentration of dioxygen (125 μM) the observed rate must be nearly 2 orders of magnitude higher than the rate of decay (112 ± 5 s -1 ) and thus ~90% conversion is to be expected. Using this assumption a molar absorptivity of 130 M -1 cm -1 was estimated but this is ignoring the possibility that dioxygen binding should rather be described as an equilibrium. Thus the true molar absorptivity could be much higher and this represents a lower limit. Due to the inhomogeneous nature of WT CDO possibly interfering with our kinetic study we also carried out comparable stopped-flow studies on our C93G variant. It was found that again formation of the intermediate was observed within the mixing time of the experiment but now decay was even faster with a rate of 580 ± 30 s -1 that is near the limit of detection ( Figure S8 ). This meant that this avenue of research was not pursued any further but it does strongly suggest that the uncrosslinked cysteine 93 in WT CDO interferes with the reaction, causing a difference in the rate of reaction of crosslinked and uncrosslinked protein. Indeed, in our previous study we have shown that although there is a shift in the pH at which the maximum rate is observed, the overall kinetic activity of 100% crosslinked WT CDO and C93G are quite comparable. This would also explain the lower activity of the C93A and C93S variants compared to our C93G variant. 
Freeze-quench study of single turnover
The ability to form a stable and tight cysteine bound CDO complex enabled single turnover of the enzyme to be explored. Anaerobic mixing of cysteine bound complex with deoxygenated buffer and freezing after 20 ms led to the cysteine bound complex being recovered (middle spectrum, Fig S9A) . In contrast, when the same cysteine-bound complex was mixed with one equivalent of dioxygen dissolved in buffer and frozen at 20 ms, resting state CDO was obtained. Importantly, when the sample was analyzed by HPLC-ELSD, one equivalent of CSA product was found to have formed. Thus, the dioxygenation step is extremely fast (≤ 20 ms) which corresponds to a rate of ≥ 3 × 10
Freeze quench was repeated at Penn State by B. Zhang and C. Pollock with freezing times down to 10 ms using both WT CDO and C93G ( Fig S9B) . The Mössbauer spectra measured at 4.2 K at zero field show again that the enzyme remains in the ferrous resting state. The calculations started off from the chemical structures of the catalytic cycle reported previously. 13 However, for consistency all structures were reoptimized using the Jaguar 7.9 software package.
14 A minimum level of constraints was included in the model to enable fidelity in the structural representation of the active region. This region consisted of the iron bound to the Cys substrate with imidazole groups representing histidine residues: His86, His88, His140 and His155. Also included was a methylguanidinium group to represent Arg60, a phenolate group in place of Tyr157 and methylsulfide for Cys93 to give a total atom count of 112 for the model. In order to prevent the model from undergoing too many structural changes with respect to the crystal structure we constraint one atom and the plane of symmetry of each of the second sphere amino acid residues. Thus, the phenol oxygen atom of Tyr157, the carbon atom of the methyl group of Arg60 and one of the nitrogen atoms of His155 were fixed in position with respect to the iron-histidine center. Scheme S1 below gives the general mechanism of the proposed catalytic cycle of CDO enzymes. The Scheme starts from the pentacoordinated resting state structure (A') that can convert to a hexacoordinated structure by binding of water (structure A). Upon binding of molecular oxygen the water molecule is displaced and an iron(III)-superoxo structure is formed (B). The terminal oxygen atom of the iron(III)-superoxo group attacks the sulfur of the cysteinate group to form a ring-structure (C), which can homogeneously split into a sulfoxide and iron(IV)-oxo species (D). Note the sulfoxide-bound complex (D) rotates from sulfur-bound to oxygen-bound (D') to the iron center. The latter transfers the oxygen atom from the iron(IV)-oxo group to substrate in a final step to form cysteine sulfinic acid product complex (E). We calculated the absorption spectra of all intermediates in all low lying spin states (singlet, triplet and quintet) using Gaussian-09. 15 Geometry optimizations were carried out on the quintet and triplet ground state for each structure using the unrestricted hybrid density functional method B3LYP, 16 with a basis set containing 6-31G+ double-ζ basis set on all atoms except for the iron were a double-ζ quality LACVP basis set that includes an effective core potential was used (basis set BS1).
17 Additional calculations were done with the triple-ζ quality LACV3P+ basis set on iron (with core potential) and 6-311+G* on the rest of the atoms (basis set BS2). To test the consistency of the results, we also ran single point calculations with the PBE0 and BP86 methods, 18 but these studies gave similar results on spin state ordering and relative energies. To test the effects of the environment in the enzyme we ran single point calculations on the optimized geometries using the self-consistent reaction field procedure with a dielectric constant of ε = 5.7 and a probe radius of 2.7 Å.
Vibrational frequencies were calculated on the optimized structures using the Gaussian-09 software package and free energies were calculated at 298.15 K and 1 atm, which resulted in local minima with real frequencies only. To establish the absorption spectra, we then ran time-dependent density functional theory (TD-DFT) calculations on all systems using Gaussian-09.
Mössbauer parameters were calculated for each B3LYP/BS1 optimized geometry of the catalytic cycle with the Orca 2.9v program package. 19 These calculations use approaches discussed before with the unrestricted B3LYP employed with basis set CP(PPP) with effective core potential on iron and TZVP on the rest of the atoms. The electron density (ρ0)Fe and quadrupole splitting (ΔEQ) thus obtained were then fitted to the previously determined parameters 20 to obtain the isomer shift (δ).
To investigate the origin of the two species observed in the Mössbauer spectra of cysteine-bound CDO we predicted Mössbauer parameters computationally. Initially the iron bound protein complex was calculated, as only a single species is present (Table S3) . Prediction of Mössbauer parameters is highly dependent upon slight changes in coordination number and geometry. 21 A truncated first coordination sphere alone (R1) underestimated the isomer shift quite considerably and this was improved by extension of the coordinating ligands (R2). Addition of the H-bonding network suggested by the crystal structures 22 and previous calculations improved the isomer shift but in all calculations the quadrupole splitting is over-estimated by ~0.9 mm s -1 . Thus the second coordination sphere was included in calculations of the cysteine-bound ES complex. Energetically, the triplet state lies so high in energy that only quintet states were considered (see supporting information). It −S15− can be seen that the data can be best explained by a complex with (A3) and without (A'3) water in the sixth coordination site (Table S3) .
To further calibrate the spectroscopic calculations, we decided to run a series of CASSCF and NEVPT2 calculations on the iron(III)-superoxo and bicyclic ring structures in the quintet spin state. These studies use truncated versions of the optimized DFT models, which only include the first coordination sphere of residues around the iron center (see Scheme S2) All calculations were run using the ORCA 2.9 software package 19 and the basis set TZVP. Using CASSCF/NEVPT2 we calculated the quintet ground states of the iron(III)-superoxo and bicyclic ring structures using an active space containing 10 orbitals and 14 electrons. We made sure to include all the high energy, antibonding orbitals on the iron as well as the high energy orbitals associated with the dioxygen molecules and sulfur ( Figure S26 ). We then searched for the first 150 excitation associated with these two species.
Scheme S1: Catalytic cycle of CDO enzymes with labelling of the individual oxygen bound and resting state structures. 
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